The activities of p53 cover diverse aspects of cell biology, including cell cycle control, apoptosis, metabolism, fertility, differentiation and cellular reprogramming. Although loss of p53 function engenders tumor susceptibility, hyperactivation of p53 is lethal. Therefore, p53 activity must be strictly regulated to maintain normal tissue homeostasis. Critical for the control of p53 function are its two main negative regulators: Mdm2 and Mdmx. Recent reports have provided insight into the complex mechanisms that regulate these two proteins and have revealed novel functions for each. Here, we review and evaluate models of Mdm2-and Mdmx-dependent regulation of p53 activity. Both Mdm2 and Mdmx receive input from numerous signaling pathways and interact with many proteins in addition to p53. Therefore, we also consider roles for Mdm2 and Mdmx in additional cancer-related networks, including Notch signaling and the epithelial-to-mesenchymal transition.
The Mdm2/Mdmx/p53 triumvirate p53 is a transcription factor that induces expression of numerous downstream targets in response to intra-and extracellular cues. The remarkable evolutionary conservation of p53acrossinvertebrate and vertebrate speciesunder-scores its prominence in many biological processes. Clinical studies and mouse models have shown that p53 is a tumor suppressor that is mutated in ~50% of human cancers, and functionally inactivated in many more. Mdm2 and Mdmx (for mouse double minute, Mdmx is also known as Mdm4) are critical negative regulators of p53, as revealed by models in which deletion of either gene is lethal in a p53-dependent manner (Table 1) . Conversely, inactivation of p53 by over-expression of either Mdm2 or Mdmx is oncogenic, as revealed by their frequently elevated levels in human cancers expressing wild type p53 (for a review, see Ref [1] ). Mouse models and preclinical studies have revealed that inhibiting Mdm2 or Mdmx can have significant therapeutic impact in cancers expressing wild type p53. Thus, understanding the mechanisms that control the function of these oncogenes is important for designing and using future anti-cancer strategies that target the p53 pathway.
The degree of sequence similarity between Mdm2 and Mdmx indicates they were retained following duplication from a single ancestral gene. Both proteins bind to p53 via an Nterminal hydrophobic pocket, and this domain contains the highest identity at the amino acid level. The Mdm2 and Mdmx p53-binding domains occlude an N-terminal alpha-helix of p53. This prevents the recruitment of transcriptional co-activators and thereby inhibits p53 transactivation function. This transcriptional antagonism can take place within the nucleus, as Mdm2 and Mdmx have been detected at p53-responsive promoter elements in chromatin [2] . However, Mdm2 and Mdmx are most abundant in the cytosol in many cell lines, suggesting cytoplasmic localization is important for their function [3] . Interestingly, Mdm2 has been reported to promote translocation of p53 from the nucleus to the cytoplasm, and Mdmx may modulate this process [4] . Such a nuclear export mechanism could clearly reduce p53-dependent transcription. p53 function is also inhibited by Mdm2 dependent degradation (see below), which occurs in both the nucleus and cytoplasm, perhaps linked to nuclear export [5] . Conversely, p53 activation can be enhanced by reduced nuclear export and increased nuclear import [6, 7] .
The role of Mdm2 and Mdmx in p53 post-translational modification
The C termini of both Mdm2 and Mdmx contain a RING (really interesting new gene) domain of the 'rare' C2H2C4 type [8] . This nomenclature refers to the order of cysteine and histidine residues within the RING domain, which are required to form a Zn 2+ chelating structure important for RING function. In common with many other RING domain proteins, the Mdm2 RING has intrinsic E3 ubiquitin ligase activity, in that it can promote the transfer of ubiquitin molecules from an E2 conjugating enzyme directly to lysine residues of target substrates (Figure 1 and Ref. [9] for review). Despite conservation of the C2H2C4 RING domain, Mdmx shows little intrinsic ubiquitin ligase activity towards p53 [10] .
Generally, poly-ubiquitin chains linked via lysine 48 (K48) of ubiquitin trigger protein degradation, whereas monoubiquitylation modulates target protein function. Consistent with this, Mdm2 facilitates the polyubiquitylation and proteasome-dependent degradation of p53 [11] . Thus, Mdm2 negatively regulates p53 by both suppression of transactivation and posttranslational destabilization. Under certain conditions, Mdm2 can also promote monoubiquitylation of p53; this does not directly cause p53 degradation, but can induce changes in Mdm2 localization and function (Box 1).
Box 1

Non-degradative functions of Mdm2-dependent ubiquitylation
Although best known for its role in promoting ubiquitin-dependent proteasome degradation of p53, Mdm2 can also use ubiquitin to modify protein function rather than turnover. For example, Mdm2 can transcriptionally inactivate some p53 target genes by direct ubiquitylation of histones [109] . Additionally, mono-ubiquitination of p53 can facilitate export of p53 from the nucleus to the cytoplasm, thereby inhibiting its role as a transcription factor [110, 111] . However, proteasome-dependent degradation of nuclear p53 can also effectively prevent its transactivation function [111, 112] , suggesting monoubiquitylation of cytoplasmic p53 is required for other processes. Consistent with this, recent data suggest that Mdm2-dependent mono-ubiquitination induces translocation of p53 to the mitochondria [113] , where it can activate transcription-independent apoptosis. A p53-dependent pro-apoptotic role for Mdmx at the mitochondria has also been proposed [114] , in which Mdmx enhances p53 targeting to the mitochondria. However, whether changes in p53 ubiquitylation status are also involved in Mdmxdependent mitochondrial p53 translocation was not evaluated. The suggestion that these p53-inhibitory oncogenes also activate p53 is at first glance counterintuitive. Indeed, Mdmx was shown to prevent p53-dependent activation of bax, and consequently apoptosis, in a previous study [115] . Therefore, more rigorous testing of these models is required to firmly establish Mdm2 and Mdmx as positive regulators of p53 activity.
Mdm2 also contributes to negative and positive feedback loops that are built into this system. For example, because Mdm2 itself is a p53 target gene, it is involved in attenuation of the p53 response. However, in addition to degrading p53, Mdm2 also undergoes autodegradation [12, 13] and targets Mdmx for degradation [14] [15] [16] , which is critical for optimal p53 activation after stress. There is also evidence to suggest that Mdm2 mediates diverse non-ubiquitin modifications of p53 (Box 2).
Box 2
Non-ubiquitin modifications promoted by Mdm2
In addition to ubiquitin, other small ubiquitin-like (Ubl) molecules can be conjugated to C-terminal lysine residues of p53. SUMO-1 (small ubiquitin-related modifier-1) is reversibly attached to p53 in an enzyme cascade that resembles the ubiquitylation process. This can occur in vitro in the absence of a defined E3 ligase, [116, 117] , but the PIAS family of E3 ligases was subsequently determined to mediate p53 SUMOylation [118] . Other reports indicate Mdm2 can also fulfill this role [119] . There is some consensus that Arf can stimulate the Mdm2-dependent SUMOylation of both itself and of p53 at K386 [119, 120] and that SUMOylation is associated with relocalization of p53 to subnuclear structures [121, 122] . However, the biological consequences of Mdm2-dependent SUMOylation are still unclear. Some reports suggest that SUMOylation of p53 increases its transcriptional activity, but this remains controversial [116] [117] [118] 123] .
Mdm2 also promotes the conjugation of NEDD8 (another Ubl molecule), to itself and to p53 [124] . Although Mdm2 ubiquitylates several C-terminal lysines of p53, Mdm2-mediated NEDDylation occurs at a restricted subset of them (K370, K372, K373). Replacing these lysines with arginine leads to increased p53 transcriptional activity in vitro, suggesting that NEDDylation of p53 inhibits its function. The discovery that Mdm2 can facilitate transfer of these Ubl molecules to p53, and to other substrates [125] adds additional layers of complexity to p53 regulation. Determining which of these processes is physiologically relevant is a considerable challenge. Abundance of substrate presumably affects which Ubl modifications are made in vivo. Additionally, some Cterminal lysine residues are subject to multiple types of modification, which complicates the interpretation of mutagenesis studies. For example, K386 can also be ubiquitylated and acetylated [126] . Competition between Mdm2 and other proteins for modification of these sites may therefore contribute to p53 function [127] . Furthermore, mice in which these lysines are mutated to arginine are viable and have a normal lifespan, although p53 regulation is subtly altered in some cell types [128, 129] . This suggests that either the lysine residues fine-tune the p53 response or that compensatory mechanisms are present in their absence.
Although Mdm2 can homo-oligomerize a , or hetero-oligomerize with Mdmx via RING/ RING interaction, it appears that Mdmx alone is monomeric [17] . Together with the observation that the Mdm2-Mdmx hetero-oligomer is a more effective ligase for p53 in vitro than Mdm2 alone [10] , this has led to a model in which the Mdm2-Mdmx ligase complex is more efficient in targeting p53 for ubiquitylation and degradation. Partly, this 'co-operation model' has arisen following a growing trend to evaluate Mdm2 and Mdmx function in the context of findings from structure and/or activity relationships of other RING E3 ligases, such as the Brca1 tumor suppressor. Although the Brca1 RING domain is a different (C3HC4) subtype, functional studies have shown that its activity is enhanced via hetero-oligomerization with its non-catalytic partner, Bard1 [18] . In the context of the Brca1-Bard1 heterodimer, E2 binds only to the Brca1 RING, at residues proximal to (but not within) the dimerization interface [19] . This binding mode of E2 s appears to be similar for the Mdm2-Mdmx heterodimer [8, 20] . Moreover, the Brca1-Bard1 complex recruits only a In vivo, the exact number of subunits for Mdm complexes is unknown. For clarity, we refer to cell-based complexes as oligomers. Reference to dimers is reserved for structural studies, where the stoichiometry can be precisely determined. a subset of E2 enzymes, and only some of these are actually capable of transferring ubiquitin to target lysines [21] . These observations suggest that the Mdm2-Mdmx complex also discriminates when recruiting E2 s. This is important, because it is the E2 enzyme (rather than the E3 scaffold itself) that dictates the type and length of ubiquitin linkage formed [22] . Therefore, determining the identity of E2 s recruited to Mdm2 complexes will inform our interpretation of the biological functions of Mdm2 and Mdmx. Historically, the p53 field has employed the UbcH5 family of E2 s in the in vitro studies of Mdm2-dependent ubiquitylation [23] . In vitro and in vivo evaluation of a subset of E2 enzymes indicates that UbcH5-B and -C contribute to Mdm2-dependent ubiquitylation and degradation of p53 [24] . Interestingly, a large-scale computational and experimental study of interacting E2/E3 pairs has revealed additional E2 s that might contribute to Mdm2 ubiquitin ligase activity [25] . However, some of these E2 s failed to interact with Mdm2 in another high throughput approach [26] . Such discrepancies underscore the technical challenges associated with identification of bona fide E2/E3 pairs, and emphasize the importance of identifying which E2 s are functionally relevant in vivo, and under what conditions. Recent data suggest that both Mdm2 oligomers and Mdm2-Mdmx oligomers contribute to the regulation of p53 level. Work from both the Vousden and Prives laboratories indicatesthat oligomeric Mdm2is a more effectivep53 ubiquitin ligase than is monomeric Mdm2 [27, 28] . Intriguingly, their data show that aromatic residues (Y489 and F490) outside the RING domain at the extreme C-terminus are also critical for Mdm2 ligase activity. It is speculated that these residues act in trans, contacting the RING domain of adjacent Mdm2 molecules to create a scaffold for E2 recruitment. Aromatic residues are conserved in the Mdmx C-terminal tail, and can also act in trans to reactivate E3 ligase function in Mdm2 Cterminal mutants [27, 28] . Although not direct proof that Mdm2-Mdmx is the preferred complex for p53 ubiquitylation, this finding underscores the functional importance of hetero-oligomerization. The precise topology and oligomeric status of Mdm2 and Mdmx complexes in vivo remains unclear. However, structural studies of the homo-and heterodimer are consistent with interaction between the C-terminus of one partner and the RING domain of the other [8, 20] .
All the above studies were performed in the absence of exogenous stress. However, Cheng and colleagues recently found that control of Mdm2 oligomerization is important for p53 stabilization following DNA damage [29] . The group identified several novel sites adjacent to the Mdm2 RING domain that are phosphorylated upon irradiation by damage kinases. The phosphorylation appears to prevent Mdm2 oligomerization, as the Mdm2 RING domain isolated from irradiated cells is unable to interact with non-phosphorylated Mdm2. In cell lines expressing non-phosphorylatable Mdm2 mutants, p53 stabilization and activation after damage is markedly attenuated. Together these data suggest that disruption of Mdm2 oligomers contributes to p53 stabilization. Cheng et al. also show that phosphorylated Mdm2 retains the capacity to bind and degrade Mdmx. This is important, because degradation of Mdmx is required for full activation of p53. Data from an in vivo mouse model also suggest that Mdmx plays a role in control of p53 stability after damage. Phosphorylation of Mdmx at C-terminal serine residues by damage-activated kinases (Ser-341, 367 and 402 in mouse) leads to its Mdm2-dependent degradation. When these serines are mutated to alanine in vivo (Mdmx 3SA mice), damage-induced Mdmx degradation is attenuated. Furthermore, p53 stabilization is significantly reduced in Mdmx 3SA compared with wild type mice [30] . In Mdmx 3SA , Mdm2 remains bound to Mdmx, but degradation of Mdmx is significantly reduced. This would effectively increase the concentration of Mdm2-Mdmx hetero-oligomers that can inactivate p53. Thus, the defect in p53 stabilization in Mdmx 3SA mice might be due to the persistence of Mdm2-Mdmx ligase complexes. Together, these results suggest that both disruption of Mdm2 oligomers, and the functional inactivation of Mdm2-Mdmx oligomers via Mdmx degradation, contribute to maximal p53 stabilization after stress (Figure 2 ). The disruption of Mdm2 oligomers might also contribute to their destabilization following DNA damage [12] . Despite the above findings, the field lacks a complete understanding of the modification status and composition of Mdm2-Mdmx hetero-oligomers. A vexing question suggested by these observations is how phosphorylation of Mdm2 after damage prevents self-oligomerization, while permitting oligomerization with Mdmx since the structures of both RINGs are so similar. The stage is set for exciting new discoveries in this area of Mdm2 and Mdmx research.
Recently, a knock-in mouse Mdm2 mutant was described in which one of the critical cysteines in the Mdm2 RING domain was mutated to alanine (C462A) [31] . The homozygous mutation was embryonic lethal in a p53-dependent manner, providing compelling evidence that the Mdm2 RING domain is required for correct regulation of p53 activity in vivo. The authors concluded that loss of Mdm2 E3 ubiquitin ligase activity is likely responsible for the observed phenotype, since the mutant could still bind to p53 and block p53-dependent transactivation. This is an important finding, but it does not directly test whether Mdm2 and Mdmx co-operate as an E3 ligase complex to regulate p53, because the C462A mutation profoundly alters the structure of the RING domain, most likely rendering it unable to bind to Mdmx. Thus, generation and analysis of mutations that block ubiquitin ligase activity but do not profoundly affect RING structure (such as Mdm2 Y489A and Mdmx F488A) are essential for furthering our understanding of the importance of cooperation between Mdm2 and Mdmx in vivo.
Mdm2 and Mdmx seem to contribute to p53 regulation to different extents in different tissues in vivo (Table 1 ; [32] [33] [34] [35] [36] [37] [38] [39] [40] ). Clearly in some tissues and cell types [such as the central nervous system (CNS) and proliferative intestinal cells], there is a requirement for both Mdm2 and Mdmx. This lends support to the co-operation model. However, in other cases, such as smooth muscle cells, loss of Mdmx has no phenotype. This might indicate that Mdm2 can effectively antagonize p53 in some tissues. However, since transcription of Mdm2 is increased following loss of Mdmx, this might compensate for sub-optimal ligase activity of Mdm2 oligomers. Importantly, loss of Mdm2 appears to exhibit more profound effects than loss of Mdmx (at least in classically radiosensitive tissues), suggesting that Mdmx cannot compensate for lack of Mdm2 (Table 1) . This is probably explained by the increased p53 levels resulting from loss of Mdm2 exceeding the buffering capacity of Mdmx. A general conclusion from the available data is that Mdm2 loss is almost invariably lethal, whereas Mdmx loss can be tolerated in some cases. However, there are no published data addressing the deletion of Mdmx in adult thymus or spleen to compare with Mdm2 knockout in these tissues. Without these data, a direct comparison of the functional redundancy between Mdm2 and Mdmx cannot be made, and the generality of the cooperation model remains to be determined.
It also remains to be seen whether there is a requirement for Mdm2 or Mdmx in other adult tissues. This is difficult to answer using the conditionally active p53 models, since mice die rapidly from the effects of p53 in radiosensitive tissues. Perhaps temporal regulation of Mdm2 or Mdmx knockout in additional tissues such as the liver or kidney may provide some answers. It is quite possible that in some tissues, neither Mdm2 nor Mdmx is required to inhibit p53. Perhaps one of the other E3 ligases reported to control p53 degradation is responsible for its regulation in these tissues [11] . Alternatively, factors that modulate p53 promoter choice or that promote cell survival downstream of p53 activation may be involved.
Regulation of Mdm2 and Mdmx ubiquitylation
Although the importance of Mdm2 and Mdmx in post-translational modification of p53 is well documented, data showing that Mdm2 and Mdmx are themselves extensively modified has recently shed light on the complexity of their regulation, and the signal transduction pathways involving them.
In the absence of exogenous stress, there is balanced turnover of Mdm2, Mdmx and p53. It appears that Mdmx is relatively stable compared with Mdm2 and p53 [41] , presumably due to preferential ubiquitylation of the latter proteins. The mechanistic basis for this might be related to the composition of Mdm2 and Mdmx complexes. For example, Mdm2 homooligomers are proposed to be relatively unstable, possibly because autoubiquitylation is favored in this context. By contrast, Mdm2's substrate specificity is switched from itself towards p53 upon Mdmx binding [42] . This switch between target substrate ubiquitylation and autoubiquitylation following changes in binding partner might be a general feature of RING E3 ligases, since ligand binding to IAP (a member of the RING E3 inhibitor of apoptosis proteins) stimulates IAP auto-destruction [43] . Other ligases are also proposed to target p53 for ubiquitin dependent proteolysis under certain circumstances, as recently reviewed by Lee and Gu [44] . In addition to modulation of substrate choice, deubiquitylation is also used to stabilize Mdm2, Mdmx and p53. For example, HAUSP is a deubiquitylase (DUB) that binds to and stabilizes Mdm2 and Mdmx preferentially under normal growth conditions [45, 46] . This might explain why Mdm2-bound Mdmx is not constitutively degraded in the absence of stress. In addition, HAUSP-dependent stabilization of Mdm2 and Mdmx might enhance degradation of p53 by the Mdm2-Mdmx heterodimer. More recently a second DUB, Usp2a, has been reported to deubiquitylate both Mdm2 and Mdmx [47, 48] and lead to p53 destabilization. Thus, targeting DUBs might be of potential therapeutic benefit for p53 reactivation in tumors. However, most DUBs, including HAUSP, have additional cellular targets, raising the possibility that DUB inhibition could lead to mechanism-based toxicity in normal tissues.
Regulation of Mdm2 and Mdmx phosphorylation
In addition to ubiquitylation, Mdm2 and Mdmx are also subjected to phosphorylation at several sites. A bewildering array of phosphorylation-induced changes has been reported (Figure 3 ), but the biological effects predictably segregate into those that activate or inhibit p53 (eg [49, 50] ). Owing to the combinatorial nature of phosphorylation, it is extremely challenging to determine the precise physiological impact of single phospho-mutants. However, some general conclusions can be drawn from the literature. To date, two classes of kinases are known to mediate Mdm2 and Mdmx phosphorylations: those activated by DNA damage, and others involved in mediation of cell growth and survival signals.
Genotoxic stress triggers a signaling cascade of multiple nuclear kinases (including ataxia telangiectasia mutated, checkpoint kinase-1 and -2, and DNA-dependent protein kinase) that is required to inhibit replication and cell cycle progression. If damage is repaired, these kinases are inactivated and proliferation is resumed. Otherwise, these kinases can contribute to permanent cell cycle arrest or apoptosis. Given the critical role of p53 in these latter processes, it is not surprising that p53 and its negative regulators are targets of damageactivated kinases [51] . DNA damage-induced phosphorylation of N-terminal residues of Mdm2 at Ser17 by DNA-PK [52] or Mdmx at Tyr99 by c-abl [53] have been reported to disrupt binding to p53 in vitro. These modifications might contribute in part to activation of p53-dependent transcription. Additionally, phosphorylation of Mdm2 and Mdmx at serine residues close to the RING domain by ATM or ATM-dependent kinases leads to accelerated auto-degradation of both Mdm2 [54] and Mdmx [41, [55] [56] [57] [58] , with consequent p53 accumulation and activation. Therefore, following a stress, the ligase function of Mdm2 must somehow be switched from p53 towards itself and Mdmx. In vitro data have indicated that DNA damage mediated phosphorylation of multiple serines in Mdm2 and Mdmx (Ser395 and 407 in Mdm2 and Ser342, -367 and -403 in Mdmx) reduced their affinity for HAUSP [46] , which effectively increases the rate of Mdm2 and Mdmx ubiquitylation and destabilization. Together with the observation that ATM can inhibit Mdm2 oligomerization and p53 degradation (see above and [29] ) these data indicate phosphorylation is an important regulator of E3 ligase function and Mdm2/Mdmx stability [9] .
A corollary from the above is that reversal of Mdm2 and Mdmx phosphorylation should inhibit p53 function, and studies of the Wip1 phosphatase suggest this is the case [59, 60] . Following resolution of a DNA damage response, the modifications added in response to damage signals must be removed to enable p53 activity to be attenuated. As a p53-inducible protein, Wip1 plays a key role in the p53-dependent DNA damage response [61] . In addition to dephosphorylating p53, Wip1 can specifically dephosphorylate Mdm2 at Ser395 and Mdmx at Ser403 and indirectly at Ser342 and Ser367, which increases their stability in order to inhibit p53 function [59, 60] .
Not all phosphorylation events lead to enhanced Mdm2 and Mdmx degradation. For example Akt, a pro-survival kinase, has been implicated in the stabilization of both proteins. Following growth factor stimulation, Akt phosphorylates Mdm2 at Ser166 and Ser186 [62] , which increases Mdm2 half-life and stimulates Mdm2-dependent p53 degradation. Akt also stimulates Mdm2 translocation to the nucleus, which can contribute to reduced p53-dependent transcription [62, 63] . Interestingly, one of the damage kinase target residues (Ser367) of Mdmx is also phosphorylated by Akt [65] . Furthermore, DNA damage and Aktinduced Ser367 phosphorylation both stimulate binding of Mdmx to 14-3-3 proteins [57, 64] . However, in contrast to DNA damage, 14-3-3 binding induced by Akt leads to Mdmx stabilization and p53 inactivation.
Various isoforms of CK1 can also phosphorylate both Mdm2 and Mdmx. For example, CK1-δ phosphorylation of the Mdm2 acidic domain blocks Mdm2-dependent p53 degradation [65] . CK1-δ can also phosphorylate Thr18 of p53, which may reduce the affinity of Mdm2 for p53 [66] . Together these data indicate CK1-δ inhibition of Mdm2 contributes to p53 activation. By contrast, CK1-α increases the interaction between Mdmx and p53, which should inactivate p53 [67] . Glycogen synthase kinase-3 (GSK3) also appears to inhibit p53 by enhancing its Mdm2-dependent degradation [68] . These data show that both Mdm2 and Mdmx are critical nodes of multiple cell signaling pathways (Figure 4 ).
The stoichiometric balance between Mdm2, Mdmx and p53 is crucial for the p53 response in vivo
Early models for p53 activation suggested that the disruption of the Mdm2-p53 interaction following DNA damage induced-phosphorylation of p53 at Ser15 and Ser20 was required for stabilization and activation of p53. However, biochemical analysis indicates that these phosphorylation events do not completely prevent Mdm2 binding, and mutation at these phosphorylation sites does not abrogate p53 stabilization after DNA damage in vivo (see [69] for review). Moreover, mouse studies show that blocking p53 phosphorylation at corresponding serine residues only caused modest defects in p53-mediated apoptosis and tumor suppression function [70] [71] [72] [73] . Thus, other mechanisms must operate in order to achieve full p53 activation. Indeed, a crucial determinant appears to be the molecular ratio of Mdm2 and Mdmx to p53.
In vitro and in vivo studies show that damage-induced modifications of Mdm2 and Mdmx lead to their destabilization and degradation, reducing their ability to antagonize p53 [49, 50] . The increasing ratio between p53 and its negative regulators, concomitant with the onset of p53 transcriptional activity, suggests that damage-induced modifications contribute to p53 activation by changing the stoichiometry of the pathway, and altering the affinity of Mdm2 and Mdmx for p53 [3] . In vivo studies further demonstrate that subtle changes in the stoichiometry of p53 and its negative regulators can profoundly affect p53 function in tumor suppression. For example, a two-fold increase in Mdm2 expression due to a polymorphism in the Mdm2 gene reduces p53 activation enough to significantly increase the risk and decrease the age of onset for hormone-dependent breast cancer in women [74, 75] . Perturbing the stoichiometry of the p53 pathway by altering Mdmx regulation also has profound effects in vivo. In Mdmx 3SA mice, (see above) there is an approximately 50% reduction of basal p53 activity prior to genotoxic stress [30] . Interestingly, the fold induction of p53 gene targets after DNA damage was similar between Mdmx 3SA and wild type mice, but due to reduced basal p53 activity, the absolute transcript levels of p53 target genes ( p21 and puma) were lower in Mdmx 3SA mice. This renders the mice remarkably radio-resistant, as they survive an ordinarily lethal dose of ionizing radiation. However, the attenuated p53 activation in Mdmx 3SA mice predisposes them to c-Myc-induced tumorigenesis due to deregulated cell proliferation. Previous studies have shown that c-Myc-induced lymphoma was accelerated in transgenic mice overexpressing Mdm2 [76] , but was delayed in Mdm2 or Mdmx heterozygous mice [77] . More recently, Murphy et al. demonstrated that low levels of deregulated c-Myc are sufficient to promote cell proliferation and tumorigenesis without engaging the Arf/p53 pathway or triggering apoptosis [78] . Together these studies suggest that the threshold for p53 activation is the critical determinant of tumorigenesis, and that this can be altered by modulating Mdm2 and Mdmx abundance.
In addition to performing tumor surveillance, p53 is also involved in other biological functions. Recently we, and others, showed that p53 activation contributed to the low frequency of generating induced pluripotent stem cells (iPS) during cell reprogramming [79, 80] . Knocking down p53 by shRNA increased the efficiency of cell reprogramming. A higher efficiency can be achieved using Mdmx 3SA fibroblasts, once again illustrating the crucial function of post-translational modification for fine-tuning p53 activity in biological systems.
Broadening the horizons: novel roles for Mdm2 and Mdmx?
Genetic analyses demonstrate that the major cellular target (at least in development) for both Mdm2 and Mdmx is p53 [49] . However, both Mdm2 and Mdmx interact with many other proteins, including those involved in development, morphogenesis and tumorigenesis (Table  2 ; [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] ). Functional characterization of these interactions might provide new links back to p53, but might also reveal p53-independent roles for Mdm2 and Mdmx.
For example, Notch1 and its negative regulator Numb are both implicated in the regulation of Mdm2 activity. Numb was recently reported to bind and inhibit Mdm2, leading to stabilization of p53, which is consistent with reports of a Numb tumor suppressor function [93] . By contrast, Notch1 can indirectly stimulate Mdm2 ubiquitin ligase activity, thereby inhibiting p53 function [94] . This is in agreement with the role of Notch1 as an oncogene. Determining whether Mdm2 or Mdmx also modulate other aspects of physiological Notch signaling (for example during embryogenesis) is a daunting task, because the pathways are complex [95, 96] .
The epithelial-to-mesenchymal transition (EMT) is a process required during normal embryonic morphogenesis, but acquisition of EMT-like features increases the metastatic potential of tumor cells. During EMT, the Slug protein is upregulated and represses expression of E-cadherin, the major component of adherens junctions. This effectively 'loosens' cell-cell contacts and increases cell motility. In tumor cells, upregulation of Slug and decreased E-cadherin promotes invasiveness of tumor cells as well as acquisition of a 'cancer stem-cell' like phenotype and resistance to some chemotherapeutic agents [97] . Mdm2 has been implicated in the ubiquitin-dependent degradation of E-cadherin, and there is a negative correlation between levels of Mdm2 and E-cadherin in primary tissue from metastatic breast cancers [98] . Elevated Mdm2 expression is also associated with increased risk of metastasis in prostate cancer [99] . Together these data suggest that high Mdm2 levels might be correlated with a metastatic phenotype. However, metastases were not reported in transgenic mice overexpressing Mdm2 [100] . Furthermore, Mdm2 was recently reported to downregulate Slug and increase E-cadherin in cell culture, which would presumably prevent invasiveness [101] . Although the picture is not yet clear, models to test the role of Mdm2 in invasion and metastasis are warranted, particularly as targeting these pathologies may be critical for the treatment of many cancers. Adding to the complexity, Mdm2 ubiquitin ligase activity can perform non-degradative functions that either inhibit or activate p53 function (Box 1).
Concluding remarks and future directions
Mdm2 ubiquitin ligase activity is critical for its regulation of p53, yet similar to other RING E3 ligases, details of its cognate E2 and additional substrates in vivo remain important questions to address. Identification of physiological E2 enzymes will provide greater mechanistic insight into Mdm2-dependent ubiquitylation. Similarly, identification of physiological substrates (the above-mentioned notwithstanding) might reveal novel functions for Mdm2.
The majority of in vivo studies to date show that Mdmx loss or overexpression has a milder phenotype when compared with Mdm2. Perhaps this is in part due to the (apparent) lack of ubiquitin ligase activity in Mdmx. Is it really just a stripped down version of Mdm2, or might it have unique cellular functions? Again, studies to define the Mdmx interactome will be invaluable. The generation of additional tissue-specific or conditional Mdmx knockouts in the adult mouse will also provide some of the answers.
Research into the molecular mechanisms by which Mdm2 and Mdmx inhibit p53 has indicated potential therapeutic strategies. For example, small molecule antagonism of the Mdm2-p53 interaction promotes p53-dependent tumor regression in murine models [102, 103] . Although the Mdmx-p53 interaction is sufficiently different to limit the efficacy of Mdm2 antagonists [104] , structural data will inform medicinal chemistry efforts to develop Mdmx-specific drugs. Additionally, the realization that the Mdm2-Mdmx heterodimer is an important p53 inhibitory complex might provide an additional target for p53 activation. However, as both Mdm2 and Mdmx are required for normal tissue function, the challenge will be to provide maximal therapeutic benefit with minimal mechanism-based toxicity.
Finally, it is unlikely that p53 was selected for as a tumor suppressor in humans, as the frequency of cancer onset is low during peak reproductive years, and increases sharply in old age [105] . There is increasing evidence that in addition to the 'classical' function of p53 in the DNA damage response, this versatile protein might be involved in other essential physiological processes, including stem cell homeostasis and fertility [106] [107] [108] . As these novel p53 functions are investigated, it will be exciting to determine whether and how Mdm2 and Mdmx are also involved. Control of p53 stability by Mdm2 homo-oligomers and Mdm2-Mdmx hetero-oligomers. Basal p53 levels are regulated by both Mdm2 homo-oligomers and Mdm2/Mdmx heterooligomers. In vitro data suggests the hetero-oligomer is a more effective p53 ligase in the absence of stress, and that Mdmx contributes significantly to p53 basal activity, but evidence for the regulatory importance of hetero-oligomers is limited. Immediately following DNA damage, during the early activation phase, Mdm2 is destabilized, and phosphorylated at residues outside the RING domain, destabilizing Mdm2 oligomers, leading to increased p53 levels. At the peak activation phase, Mdm2 degrades itself and Mdmx, which removes Mdm2-Mdm2 and Mdm2-Mdmx oligomers, leading to maximal p53 accumulation. During the activation phase, p53 also transactivates the Mdm2 gene (dashed arrow). The attenuation phase begins when DNA damage signaling abates. Kinase inhibition and phosphatase activation removes the pool of phosphorylated Mdm2 and Mdmx, leading to their stabilization. As a result, the homo-and hetero-oligomers regain p53 ubiquitin ligase activity, reducing p53 to basal levels. Although Mdmx degradation is clearly Mdm2-dependent and therefore requires hetero-oligomerization, the existence and ubiquitin ligase activity of phosphorylated Mdm2-Mdmx hetero-oligomers (early activation phase) is curently speculative. In addition to regulation of Mdm2 and Mdmx, phosphorylation of p53 during the damage response also contributes to p53 activation by decreasing the affinity for negative regulators, and increasing the affinity for transcriptional co-factors. Multiple cell signaling cascades converge on Mdm2 and Mdmx. p53 activating stresses (red print) can signal through damage-dependent and independent pathways to activate p53. Ribosomal stress proceeds via the release of ribosomal proteins that inhibit Mdm2 ubiquitin ligase activity and stabilize p53. Oncogenes such as c-Myc can engage damage-independent pathways such as the Arf tumor suppressor in order to activate p53, or may induce DNA damage and other kinases, which then phosphorylate either Mdm2 or Mdmx. Following genotoxic stress, multiple damage-activated kinases phosphorylate Mdm2 and Mdmx and inhibit their ligase activity. This can be via increased ubiquitylation and degradation of Mdm2, and increased ubiquitylation and degradation of Mdmx, which requires binding to 14-3-3 proteins. Following resolution of a DNA damage response, the Wip1 phosphatase can dephosphorylate Mdm2 and Mdmx, leading to their stabilization. In non-stressed cells, the levels of Mdm2 and Mdmx ubiquitylation are in part controlled by the deubiquitylase HAUSP, which removes ubiquitin from each protein, leading to their stabilization. Kinases associated with proliferation and survival (green print) can also phosphorylate Mdm2 and enhance its p53 inhibitory function. Table 1 Tissue-specific phenotypes of Mdm2 or Mdmx loss. No effect [36] a Assuming the Cre excises the floxed Mdm2 and Mdmx alleles at similar efficiency, one can conclude that in many cases loss of Mdmx is less severe. However, the possibility remains that Cre-mediated excision is not 100%; therefore, it may be premature to conclude that Mdmx is completely dispensable in all these tissues.
b Long term effects of Mdm2 loss could not be studied in these tissues due to premature death.
